The real-time, colorimetric detection of analytes via aptamer-gold nanoparticle technology has proven to be an important, emerging technique within the medical field. Of global health importance, the ability to detect vector mosquito species, such as the Aedes (Ae.) aegypti mosquito, and transmitted arboviruses, such as Zika virus, is paramount to mosquito control and surveillance efforts. Herein, we describe the detection of Ae. aegypti salivary protein for vector identification and the detection of Zika virus to assess mosquito infection status by aptamer-gold nanoparticle conjugates. Key to optimization of these diagnostics were gold nanoparticle capping agents and aptamer degree of labelling (i.e., the amount of aptamers per gold nanoparticle). In the present study, detection was achieved for as little as 10 ng Ae. aegypti salivary protein and 1.0 Â 10 5 PFU live Zika virus. These aptamer-gold nanoparticle conjugate diagnostics could one day prove to be useful as deployable nano-based biosensors that provide easy-to-read optical read outs through a straightforward redto-blue colour change either within a diagnostic solution or atop a card/membrane-based biosensor.
Introduction
Infectious diseases vectored by mosquitoes such as Aedes (Ae.) aegypti and Ae. albopictus are signicant threats to many populations worldwide. For example, 440 000-1 300 000 new cases of Zika virus (ZIKV) infection-presumptively vectored by Ae. aegypti-were estimated in the 2015 Zika epidemic in Brazil, where a potential link to severe birth defects was observed, as well as neurological complications resulting in Guillain-Barré syndrome. [1] [2] [3] To defend against such threats, new vector mosquito surveillance tools and diagnostics that enable rapid, efficient responses in the eld are needed.
The timely availability of accurate surveillance information is key to the development of any mosquito-borne disease risk assessment and execution of effective and efficient mosquito control strategies. Currently however, real-time sensors and rapid diagnostics that detect vector mosquitoes and/or mosquito-borne diseases in the eld are limited as the focus has largely been on the development of tools and diagnostics for clinical use in humans. We have therefore been spearheading the development of compact, lightweight, robust, self-contained tools based on DNA aptamer-gold nanoparticle conjugates (Apt-AuNPs) 5 to identify and detect vector mosquitoes and arboviruses via colorimetric readouts. These new tools require little specialized training, equipment or methods to adopt, deploy and implement in eld settings.
Aptamers are commonly short sequences of single-stranded deoxyribonucleic acid (DNA) developed via a synthetic process called Systematic Evolution of Ligands by Exponential Enrichment (SELEX) 6, 7 and can bind a wide variety of targets. 6, 7 Aptamers are advantageously synthesized in the laboratory, unlike antibodies, 6, 7 and this process allows for the creation of aptamers within weeks, whereas antibody development requires months. 8 Aptamers may also be more stable and effective in a wider range of solutions and conditions than antibodies. 7, 8 Furthermore, aptamers can be selected that undergo large conformational changes (structure-switching) upon target binding. 9 Conjugating aptamers to gold nanoparticles creates colorimetric and highly sensitive nanosensor/ diagnostic tools for detection of target molecules. 8 The colorimetric readout of such Apt-AuNP conjugates is a function of aggregation in solution of the gold nanoparticles. 10 When no target is present, Apt-AuNPs are dispersed and the solution is red; when target is present, the aptamers coupled to the AuNPs bind, undergo a conformational change, thereby inducing aggregation of said conjugates that shis the solution colour from red to blue/purple. 11 Similar approaches have been used recently to produce colorimetric malaria diagnostic assays with aptamers targeting the lactate dehydrogenase enzymes of the Plasmodium parasites. 10, 12, 13 Our concept, inspired in part by the work of Hall-Mendelin et al., 4 is to take advantage of mosquito sugar-feeding behaviours and interrogate expectorated saliva and/or the midguts of live vector mosquitoes with Apt-AuNPs specic for vectoridentifying salivary protein(s) and/or arboviral envelope proteins. In the case of the salivary proteins, small amounts of saliva would be deposited by vector mosquitoes onto a substrate soaked with sugar solution containing Apt-AuNPs specic for vector salivary protein. If the target is present (vector salivary protein or arbovirus), the Apt-AuNPs would aggregate and the color of the membrane at that spot would change from red to blue. For the interrogation of midguts of live mosquitoes, trapcaught mosquitoes would consume a red-colored sugar solution containing Apt-AuNPs specic for an arbovirus of interest from a feeder. Non-infected (i.e., negative) mosquitoes would have red solution inside their midgut; however, infected mosquitoes (with target virus present in their midgut) would induce Apt-AuNP aggregation and thereby change the solution color from red to blue, resulting in a color-coding of mosquitoes based on disease (arboviral) status (Fig. 1) .
The foundational studies required for the creation of these new aptamer-based colorimetric diagnostics and surveillance tools for vector mosquitoes and arbovirus is the focus of the present work. Reported here for the rst time is the development and testing of novel aptamers and Apt-AuNPs that specically detect protein in mosquito saliva (Ae. aegypti and albopictus) as well as new aptamers and Apt-AuNPs against ZIKV. The results of in vitro testing show that visible colorimetric detections of Ae. aegypti salivary protein were detectable as low as $10 ng of salivary gland extract (SGE) and that 10 5 plaque-forming units (PFUs) of active ZIKV were detectable spectrophotometrically. These results indicate that colorimetric Apt-AuNP diagnostics for mosquitoes and arboviruses have potential to be powerful new additions to the toolkits of mosquito surveillance and control communities.
Results

Capping agents inuence particle stability and sensitivity of diagnostic towards mosquito salivary proteins
Aptamers developed against whole Ae. aegypti saliva were conjugated to citrate capped AuNPs at 2 mM. Aptamers CFA0334 and CFA0335 (aptamer IDs provided by Base Pair Biotechnologies Inc., BPB) showed the maximum colour change in the presence of analyte ( Fig. 2 ) within a sucrose containing diagnostic buffer. 1 mg SGE (50 mL Apt-AuNP, 25 mL analyte; 75 mL total volume) caused the greatest aggregation, as indicated by a peak shi ( Fig. 2B and C) followed by 500 ng and 250 ng SGE. Interestingly, recombinant Ae. albopictus D7 protein generated by Sanford Burnham Prebys (SBP) Research Institute was able to aggregate Apt-AuNPs derivatized with aptamers specic for Ae. aegypti D7 in buffer without sucrose but not with sucrose ( Fig. 2D-F ). For this reason, the capping agent used for our Apt-AuNP diagnostic was explored.
Because the presence of sucrose within the diagnostic buffer had an effect on whether particles would aggregate, we explored how sucrose affected the aggregation state of bare AuNPs (i.e., no aptamers). In diagnostic buffer without sucrose, citratecapped AuNPs remained disperse with a hydrodynamic radius of $30 nm (as determined by DLS) but aggregated in 10% sucrose showing a red shi in the UV spectra as well as an increase in particle size to $109 nm (ESI Fig. 1A and B ‡). Phosphine capping with bis(p-sulfonatophenyl)phenylphosphine dihydrate dipotassium salt was explored and this prevented non-specic aggregation in the presence of sucrose (ESI Fig. 1B ‡) but, when aptamers were added, the particles were too stable and never aggregated in the presence of target (data not shown).
To overcome non-specic aggregation and low specicity, we explored sucrose as a capping agent. 16, 20, 21 Sucrose-capped AuNPs were synthesized using the two different methods (termed Type 1 and Type 2, ESI Table 1 ‡). The two methodologies yielded particles with sizes in the range of 49.23 nm (AE0.44 nm) and 90.12 nm (AE14.32) for Type 1 and Type 2 particles, respectively (ESI Fig. 1C ‡) . Zeta potential measurements (ESI Fig. 1D ‡) showed that the particles were negatively charged and remained uniformly dispersed in the solution due to electrostatic stability. The UV-Vis spectra showed that the particles exhibited an absorbance peak at 528 nm and 522 nm for Type 1 and 2 particles, respectively (ESI Fig. 1E ‡) . Because the synthesis method for Type 2 particles resulted in larger and non-uniform AuNPs, the Type 1 particle synthesis method was chosen for AuNPs used for aptamer conjugation and testing against extracted Ae. aegypti salivary gland extract (SGE) protein and recombinant Ae. albopictus D7.
Type 1 sucrose-capped AuNPs (SAuNPs) were conjugated with 2 mM of aptamer CFA0334 and showed a dose dependent change in both the UV-Vis spectrum and visible colour in response to Ae. aegypti SGE and recombinant Ae. albopictus D7 ( Fig. 3 ). This testing, performed in diagnostic buffer without sucrose, showed marked improvement in sensitivity with an immediate colour change observed upon addition of as low as 250 ng SGE (Fig. 3A) . These particles were also tested against recombinant Ae. albopictus D7 protein with a visible colour change as low as 15 ng of protein ( Fig. 3D -F).
To explore further Type 1 SAuNPs synthesis, reagent concentrations were varied in order to obtain differently sized particles with the aim of obtaining the smallest particles and greatest possible red shi. 22 ESI Table 2 ‡ shows the characterization results of the different synthesized particles. The smallest size obtained was for SAuNPs Type 1-4, which was 36.4 nm (AE0.95 nm) with a maximum surface charge of À41.2 mV (AE1.1 mV). The higher surface charge results in repulsion and ensures a homogenous dispersion of AuNPs. Apt-AuNPs with optimized SAuNPs detect mosquito salivary proteins with greater sensitivity. Aptamer CFA0334 was conjugated at 2 mM to SAuNP Type 1.4 particles (properties listed in ESI Table 2 ‡) and tested for stability in buffer with sucrose (referred to as Apt-SAuNPs henceforth). To increase the colour saturation of these particles, the Apt-SAuNPs were used at 3Â concentration of the previous experiments.
ESI Fig. 2 ‡ details when Apt-SAuNPs were dispersed in diagnostic buffer with and without sucrose. ESI Fig. 2A and B ‡ show that there was no change in the spectrum or colour of the solution aer adding sucrose. Aptamer conjugated SAuNPs in diagnostic solution without sucrose exhibited a size of 45.49 nm. Addition of sucrose immediately caused the hydrodynamic radius of Apt-SAuNPs to further increase from 45.49 nm to 49.93 nm (ESI Fig. 2C ‡) ; this size remained essentially constant over a 48 h period. These observations are consistent with the changes in zeta potential (ESI Fig. 2D ‡) . The particles possessed a high negative charge, À42.9 mV, when suspended in buffer without sucrose and became less negatively charged in buffer with sucrose (À27.9 mV) (ESI Fig. 2D ‡) . Zeta potentials remained consistent aer 48 h, indicating that the particles continued to repel each other and remained uniformly dispersed. This is likely due to sucrose molecules interacting with and suppressing the negatively charged Apt-SAuNPs, causing a decrease in zeta potential magnitude and increasing the size by $5 nm.
Following sucrose capping experimentation, Apt-SAuNPs derivatized with aptamer CFA0334 were tested against Ae.
aegypti SGE in buffer with sucrose ( Fig. 4A-C) . A marked improvement in detection was achieved with optimized Apt-SAuNPs with detection as low as 50 ng SGE. The change in colour corresponded to an increase in the A 640 /A 518 ratio ( Fig. 4B ). Maximum aggregation was observed for 500 ng SGE, followed by 250 ng and 125 ng ( Fig. 4A) . Similarly, this testing with Ae. aegypti SGE was done with aptamer CFA0335. The minimum amount of SGE detected improved to 10 ng ( Fig. 4D -F), several orders of magnitude more sensitive than citrate capped AuNPs (Fig. 2) . Finally, Apt-SAuNPs conjugated with either aptamer CFA0334 or CFA0335 were tested against recombinant Ae. albopictus D7 in buffer with sucrose to see if these aptamers could also detect this recombinant target ( Fig. 5 ). Recombinant D7 was tested at 1 ng, 15 ng, 75 ng and 150 ng with detection as low as 15 ng for aptamer CFA0335.
Degree of gold nanoparticle labelling with aptamers inuences sensitivity of diagnostic towards ZIKV
Following sucrose-capping optimization, testing continued with another target integral to mosquito surveillance and control: Zika virus (ZIKV). Aptamers developed by BPB against recombinant ZIKV envelope protein (ZIKV-E) were conjugated Degree of labelling (DOL) is the number of aptamers immobilized onto each AuNP; the extent of aptamer derivatization on the gold surface has signicant effects on diagnostic sensitivity. 23 Using qPCR, concentrations of aptamers on Apt-SAuNPs were calculated by comparing cycle threshold (C T ) values of SAuNPs against those values generated from standard curves (ESI Fig. 4 ‡) . DOL of ZIKV-specic aptamers CFA0201 or CFA0204 following conjugation is depicted in ESI Table 3 . ‡ In brief, the standard curves for each sample were generated from C T values and measured concentrations of standards (0.5-5000 pM). Aptamer concentrations for each SAuNPs were calculated by applying the mean C T of each sample to the standard curve. The estimated nanoparticles per mL (nps per mL) were calculated by multiplying the measured optical density (OD), obtained by Nanodrop quantication at 525 nM, with the estimated number of 1.64 Â 10 12 nps per mL of SAuNP at OD 1. Finally, the DOL was calculated by multiplying the measured concentrations (pM) with Avogadro's number and divided by the estimated nanoparticles per mL. The DOL value for CFA0201 indicated a 10-fold difference between the three concentrations used during conjugation of aptamer to bare SAuNP. By sequentially reducing the conjugated aptamer concentration to 2 nM, the A 640 /A 528 ratio increased substantially and the appreciable visible colour change was apparent with as little as 4 nM ZIKV-E (Fig. 6) ; control 300 nM BSA showed no colour change. Aggregation increased over time for all particles with the maximum ratio recorded with 2 nM DOL for CFA0201 ( Fig. 6A ). Particles with a lower DOL may show increased sensitivity due to lesser repulsive forces from the aptamer coating thus making aggregation more favorable in the presence of target analyte, such as ZIKV.
Aptamers CFA0201, CFA0202, CFA0205, CFA0206, CFA0216 were conjugated to SAuNPs (Apt-SAuNP) at a concentration of 2 nM and tested against ZIKV-E. To test aggregation of particles over time, the absorbance was recorded at intervals up to 15 h in response to 50 nM or 5 nM ZIKV-E ( Fig. 7) . In addition to individually screening the best ZIKV-E Apt-SAuNPs from the ve shortlisted top performing Apt-SAuNP reagents, a 5 Â 5 matrix utilizing different combinations was performed (e.g., AuNPs conjugated with aptamer CFA0201 were mixed with AuNPs conjugated with aptamer CFA0202, etc.). A 640 /A 528 ratio increased over time with a maximum value being observed for aptamers CFA0201 alone, CFA0201 & CFA0216, CFA0202 & CFA0216 and CFA0216 alone (Fig. 7C ).
Apt-AuNPs developed against Zika envelope protein aggregate in the presence of infectious ZIKV
Aer testing against the recombinant envelope protein (i.e., ZIKV-E), testing against infectious virus was performed. ZIKV virions 24 over three orders of magnitude (10 4 to 10 6 PFU) were tested at three time points (1 h, 4 h and 24 h) with BSA at the same amount of total protein (as determined by A 280 ) used as a control. Though aptamer CFA0204 and the corresponding Apt-SAuNP conjugate was initially ruled out in preliminary testing, following DOL optimization and testing against active virus, this conjugate showed the greatest aggregation in response to active ZIKV with negligible aggregation in the presence of BSA (Fig. 8A) . Interestingly, CFA0204 and CFA0201 showed the highest binding to ZIKV-E during microscale Fig. 7 Single and sandwich Apt-SAuNP morphologies for aptamers CFA0201, CFA0202, CFA0205, CFA0206 and CFA0216 (termed 1, 2, 5, 6 and 16 for short, respectively). Single or combinations of aptamers were tested to find the best individuals and working pairs (black arrows) against (A and C) 50 nM or (B) 5 nM ZIKV-E. A 620 /A 528 ratios increased with prolonged inoculation for all aptamers. thermophoresis (MST) analysis, K d ¼ 8.75 nM and K d ¼ 2.23 nM, respectively (ESI Fig. 6 ‡) , though the slightly lower binding CFA0204 outperformed CFA0201 against live virus in terms of decreasing the absorbance at 528 nm (data not shown).
Discussion
Mosquitoes continue to be the largest natural threat to global human health, accounting for the most deaths from any animal via the disease agents they vector. The ability to rapidly identify the presence of medically important vector species or determine a mosquito's infection status would prove an indispensable tool for mosquito surveillance and control specialists around the world. This project sought to assess the potential of using Apt-AuNP conjugate technology for rapid, colorimetric detection of targets pertinent to mosquito surveillance and control (i.e., Ae. aegypti salivary proteins and ZIKV). The ultimate goals are to detect these targets via end-use card-based diagnostics or observing a colour change of the mosquito abdomen aer imbibing Apt-AuNP solution (Fig. 1) . Apt-AuNPs rst were optimized by changing the capping agent from citrate to a sucrose, which produced particles that were not only stable but also responsive to analyte within a specially formulated diagnostics solution. The components of this diagnostic buffer (outlined in Experimental) entice mosquitoes to feed and are therefore critical to the deployment of our diagnostic in the eld either on a card or as a mosquito imbibed diagnostic (Fig. 1) . As citrate-capped AuNPs either non-specically aggregated and Apt-AuNPs were poorly responsive to Ae. aegypti SGE (Fig. 2) , sucrose was explored as a capping agent. This lead to an improvement in sensitivity down to 10 ng protein by UV-Vis and 50 ng by visual inspection (Fig. 4) . Aptamers raised against Ae. aegypti salivary gland extracts (rich in D7, the most abundant protein in mosquito saliva 14, 25, 26 ) were able to detect recombinant Ae. albopictus D7, possibly making the diagnostic a "pan-Aedes" detection tool as Ae. aegypti and Ae. albopictus D7 proteins share signicant sequence homology. 25, 26 Only two Aedes mosquito species were tested so further validation is needed to determine whether salivary gland proteins from other Aedes species react similarly. Regardless, Ae. aegypti and Ae. albopictus in the subgenus Stegomyia are regarded as the main vectors of Zika, chikungunya, dengue and yellow fever viruses and so their detection is most relevant as a diagnostic tool for surveillance. 27, 28 Following Apt-AuNP optimization, we were able to detect as low as 15 ng of recombinant Ae. albopictus D7 protein (Fig. 5 ).
In addition to modifying AuNP capping, aptamer derivatization (degree of labelling, DOL) upon the AuNP surface was explored with aptamers sensitive to Zika virus envelope (ZIKV-E) protein. Initially, ZIKV-E specic Apt-SAuNPs showed no visible colour change against 200 nM ZIKV-E (ESI Fig. 3 ‡) . By lowering the DOL, detection was improved to 4 nM ZIKV-E by UV-Vis with a vibrant colour change against 40 nM ZIKV-E (Fig. 7) . This improvement in sensitivity is likely due to the presence of fewer negatively charged DNA-based aptamers on the surface of the AuNP that reduces the repulsion and facilitates aggregation aer analyte binding. 22,29-31 Also, the packing density of the aptamers play an important role in the aptamer-analyte binding. 32, 33 The higher packing density might interfere with adequate aptamer folding, thus affecting the aptamer-analyte interaction. 34 A lower packing density results in less binding sites, thus decreasing the sensitivity of the approach. 35 Following these optimizations, active ZIKV was tested and the top performing ZIKV-specic Apt-SAuNP was able to undergo aggregation in the presence of 10 5 PFU of ZIKV in 10 mL of buffer (Fig. 8 ). This sensitivity would be sufficient to detect Zika virus found in infected mosquitos as the salivary gland and midgut tissues have been shown to contain arboviral titers as high as 10 4 and 10 5 PFU, respectively. [38] [39] [40] No visible color shi was noted in the presence of active ZIKV, likely due to the altered aggregation architecture of AuNPs with the intact ZIKV. A previous study slowly increased the AuNP-AuNP interparticle distance and reported the disappearance of the absorbance band at 540 nm when the distance approached a magnitude similar to or greater than the AuNP diameter. 36 Because the Zika virion is similar in size to AuNPs, 24 the AuNPs may not be approaching the minimum distance needed for interparticle plasmon-plasmon interactions to ensue. Speaking to the spec-icity of the Apt-AuNP system, previous work in our lab has shown that ZIKV-E aptamers and aptamers generated against chikungunya envelope protein 1 (CHIKV-E1) show no cross reactivity in a microuidic-based assay 37 and, as stated in the Experimental section, our ZIKV-E binding aptamer was negatively selected against recombinant dengue envelope protein during SELEX. This shows that we can distinguish between avivirus and alphavirus envelope proteins though future work will incorporate live aviviruses like dengue or West Nile to see if this assay can distinguish whole virions of related viruses.
Conclusions
This study serves as the critical rst step in adapting colorimetric aptamer-gold nanoparticle technology for use within deployable tools for mosquito surveillance and control. Herein we show the development and testing of novel aptamers and Apt-AuNPs that specically detect protein in vector mosquito saliva (Ae. aegypti and albopictus) as well as new aptamers and Apt-AuNPs against ZIKV. This initial exploration into the colorimetric detection of vector mosquito species and arboviruses will hopefully lead to future in-eld, colorimetric diagnostics with the potential to be powerful, integral components of mosquito surveillance and control. Exploration of maximum analyte size that may be detected with a colorimetric aptamer-gold nanoparticle system would also improve the understanding technological limits when detecting targets such as whole virions. Such nanoscale level tools and diagnostics will further expand the impact of nanoscience techniques for the betterment of global health.
Agricultural and Veterinary Entomology (USDA-ARS-CMAVE, Gainesville, FL) were kept on seed germination paper in humidied containers in the dark. For each batch, 800 eggs (by weight; $8 mg) were brushed off the cards and dispersed in 3 L of spring water (Zephyrhills, FL) and 7.5 mL of 50 g L À1 larval food consisting of a 60 : 40 mixture of liver powder (MP Biologics, Santa Ana, CA) and brewer's yeast (https:// www.Insectsales.com). Rearing trays were incubated at 29 C and larval food added at days four (7.5 mL), ve and six (10 mL). At d6 or at a time when there was greater than 50% pupae, the larvae/pupae were collected and weighed. Up to 4 g of pupae/ larvae were added to an 8 oz specimen cup with 200 mL water. Adult mosquitoes were provided 10% sucrose ad libitum via a saturated cotton ball placed atop the holding cage (8 Â 8 0 Bioquip, Rancho Dominguez, CA).
Extraction of salivary glands
Mosquitoes were cold anesthetized and had the wings and legs removed; a small drop of buffer, $10 mL of phosphate-buffered saline (PBS), was then applied at the head. The salivary glands were then dissected away and collected. Glands were stored at À80 C until further processing for protein isolation.
Protein isolation, purication and characterization
Salivary glands from approximately 200 mosquitos were pooled within gentleMACS™ C Tubes (Miltenyi Biotec Inc., San Diego, CA) and dissociated with pre-set template B twice. The subsequent salivary gland extracts (SGE) were claried via centrifugation at 120 Â g for 5 min at 10 C and ltered through a 70 mm cell strainer. SGEs were centrifuged again within a 1.5 mL microcentrifuge tube at 10k Â g for 5 min at 4 C to pellet remaining debris. Supernatants were transferred to new 1.5 mL tubes and trichloroacetate (TCA) was added to yield a nal concentration of 15-20% TCA. Samples were centrifuged at 13.5k Â g for 10 min at 4 C to pellet protein. Ice-cold acetone was added (500 mL) and pellets were dislodged. Samples were stored in acetone for at least 1 h at À20 C before centrifugation at 13.5k Â g for 10 min at 4 C and repeated washings. Pellets were air dried for 3-5 min and resuspended in 1 mM PBS at 37 C for 20-30 min with agitation every 5 min and overnight incubation at 4 C. Samples were centrifuged at 10k Â g for 1 min at RT to remove insoluble fractions. 10 mL of 1 mM PBS was added and pipetted to wash pellets before centrifugation at 10k Â g for 1 min at RT. Spin-lter concentrators with molecular weight cut-offs of 30 kDa and 50 kDa were employed to create focused extracts presumably rich in salivary protein D7, M w $ 37-39 kDa (ref. 14) (ESI Fig. 5 ‡) . Protein concentrations were determined by Bradford assay (Thermo Fisher) and puried protein samples were ran on 4-12% bis-Tris acrylamide gels (Thermo Fisher) (50-500 ng). Gels were stained with Pierce™ Silver Stain kits (Thermo Fisher) and dried with a DryEase® System (Thermo Fisher).
Diagnostic buffer solution (i.e., aptamer working solution)
The developed aptamer-based diagnostics within this project will be eventually used in the eld and therefore must be within a solution that mosquitoes feed upon. Consequently, all experiments were conducted within a diagnostic buffer formulated within the lab that both aids in aptamer stability and entices mosquitoes to feed. 5 The formulation consisted of: 10% sucrose, 15 mM NaCl, 1 mM NaHCO 3 , 1 mM MgCl 2 and 5 mM b, gmethylene-ATP, all at an unadjusted solution pH of $8.3.
Aptamer discovery
SGE from adult female Ae. aegypti and recombinant Zika envelope protein (ZKV-005; ProSpec Bio, Ness-Ziona, Israel) were sent to Base Pair Biotechnologies, Inc. (BPB, Pearland, TX) as targets to discover novel aptamers. The diagnostic buffer described above was used during the selection of the aptamers to ensure optimal function in the intended end-use chemical environment. Targets were input into multiple rounds of SELEX processing followed by high-throughput microarray analysis of thousands of aptamer candidates against respective targets. A commercially available dengue envelope protein (DEN-036; ProSpec Bio, Ness-Ziona, Israel) was utilized during selection of ZIKV-E binding aptamers for negative selection to enhance specicity towards a single avivirus envelope protein.
Preparation and characterization of gold nanoparticles (AuNPs)
Citrate capped gold nanoparticles ($13 nm) were prepared using and adapting methods described elsewhere. 15 Briey, aqueous solutions of HAuCl 4 (100 mL, 1 mM) were reduced using trisodium citrate solution (2 mL, 194 mM) at 90 C. The colour of the solution changes from faint yellow to a reddish wine-like colour indicating nanoparticle formation. Solutions were then passed through a 0.22 mm syringe lter to obtain nanoparticles with homogenous size.
Sucrose capped AuNPs (Type 1) were created using an adapted method described previously. 16 Briey, gold(III) chloride trihydrate aqueous solution (10 mM) was mixed with adequate ascorbic acid and sucrose used as capping and reducing agent (ESI Table 2 ‡). The solution was allowed to stir for 20 min before ltering with a 0.22 mm syringe lter. Synthesis parameters and sizes listed in ESI Table 1 . ‡ A separate synthesis method (Type 2) was also utilized. 17 Briey, sucrose (0.05 g) was dissolved in 3 mL of 10 mM HAuCl 4 solution. The solution was allowed to dry at room temperature until a solid residue was obtained. The residue was heated at 80 C for 15 min which resulted in a change of colour from yellow to deep green. Aer cooling to room temperature, 100 mL deionized water was added and stirred vigorously for 1 h. While stirring, the colour of the solution changed from a yellow into a dark red indicating the formation of AuNPs. Aer mixing, solutions were reuxed for 20 min and allowed to cool to room temperature. Solutions were then passed through a 0.22 mm syringe lter to obtain nanoparticles with homogenous size. Dynamic light scattering (DLS) and high-resolution transmission electron microscopy (HR-TEM) were used to measure size; surface charge was analysed using DLS. 18, 19 as described in the BPB best-practices documentation. Aptamers were folded by incubating at 95 C for 5 min and kept at room temperature for another 15 min. Apt-AuNPs conjugates were prepared by mixing AuNPs with different concentrations of aptamers (2 mM, 200 nM, 20 nM and 2 nM) to assess the effects degree of labelling has of diagnostic sensitivity. Different concentrations of soluble Ae. aegypti SGE, recombinant Ae. albopictus D7 or ZIKV-E were used to screen each Apt-AuNP. Bovine serum albumin (BSA, Sigma-Aldrich, St. Louis, MO) was used a negative control. Aggregation of Apt-AuNPs was evaluated using UV-Vis spectroscopy (PerkinElmer Lambda-750S) and visual inspection. For all experiments, data was processed in Origin Pro (OriginLab Corporation; Northampton, MA) and baseline corrected prior to plotting and analysis. For these absorbance studies, a sample of each Apt-AuNP was measured three (3) times and the standard deviations were calculated from these values. Representative spectra are presented.
Testing Apt-AuNPs against Zika virus
Zika strain MR-766 was produced by infecting C6/36 insect cells and collecting cell culture media. This media was claried by centrifugation at 13k Â g before being placed atop a 30% glycerol cushion and centrifuged at 100k Â g in an SW-28 rotor. Viral pellets were resuspended in diagnostic buffer, had the plaque forming units (PFU) determined and were stored at À80 C until use. ZIKV-specic Apt-AuNPs were tested against 10 4 to 10 7 PFU ZIKV and the absorbance at 528 nm and 640 nm were recorded at 1 h, 4 h and 24 h on a Nanodrop 8000 (Thermo Scientic; Waltham, MA). A digital camera was used to capture colour images of tubes containing samples. For controls, viral titres were matched with a BSA concentration equal to the total protein content of virus (determined by A 280 ). This experiment was performed in triplicate and the means and corresponding standard deviations were calculated using the obtained absorbance data. Subsequent time points were sampled from the same tube (i.e., each sample had 2 mL removed for imaging on the spectrophotometer at each time point).
Degree of labelling determination
Aptamers CFA0201, CFA0204, and their PCR primers were created by BPB. Apt-AuNPs were created by derivatizing bare sucrose-capped gold nanoparticle (SAuNP) surfaces with either aptamer CFA0201 or CFA0204 at three concentrations of aptamer (20, 2 and 0.2 nM). Following aptamer conjugation as described above, direct quantitation of the amount of aptamer remaining in the sample (i.e., conjugated to the AuNP surface) was determined by quantitative PCR (qPCR). In brief, a 10-fold serial dilution of free aptamers CFA0201 and CFA0204 was created from 10 nM to 1 pM using dH 2 O. The solutions were then mixed with bare SAuNP (OD 0.2) at 1 : 1 volume ratio to generate a set of standards at concentrations from 5 nM to 0.5 pM in bare SAuNP at OD 0.1. Sample Apt-SAuNPs were diluted to OD 0.1 using dH 2 O. qPCR reactions were prepared by mixing 10 mL of Applied Biosystems Power SYBR Green PCR Master Mix (ThermoFisher Scientic, cat# 4367659), 0.6 mL of 10 mM forward primer, 0.6 mL of 10 mM reverse primer, 4 mL of template (standard or sample), and 4.8 mL of dH 2 O. Reactions were run on QuantStudio 3 Real-Time PCR System (ThermoFisher Scientic) with protocol of 95 C for 10 min, then 35 cycles of 95 C, 15 s; 60 C, 1 min. Data were analysed using Excel soware (Microso).
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